In this paper, we present a rigorous coupledwave analysis (RCWA) of absorption enhancement in all-silicon (Si) photodiodes with integrated hole arrays of different shapes and dimensions. The RCWA method is used to analyze the light propagation and trapping in the photodiodes on both Si-on-insulator (SOI) and bulk Si substrates for the datacom wavelength at about 850 nm. Our calculation and measurement results show that funnel-shaped holes with tapered sidewalls lead to low back-reflection. A beam of light undergoes a deflection subsequent to the diffraction in the hole array and generates laterally propagating waves. SOI substrates with oxide layers play an important role in reducing the transmission loss, especially for deflected light with higher-order diffraction from the hole array. Owing to laterally propagating modes and back-reflection on the SiO 2 film, light is more confined in the thin Si layer on the SOI substrates compared to that on the bulk Si substrates. Experimental results based on fabricated devices support the predictions of the RCWA. Devices are designed with a 2-μm-thick intrinsic layer, which ensures ultrafast impulse response (full-width at half-maximum) of 30 ps. Measurements for integrated photodiodes with funnel-shaped holes indicate an enhanced external quantum efficiency of more than 55% on the SOI substrates. This represents more than 500% improvement compared to photodiodes without integrated phototrapping nanoholes.
Introduction
For the widely used short-reach (<300 m) multimode data communication wavelength of 840-860 nm, low-cost monolithically integrated photodiodes on silicon (Si) with high efficiency and high speed are highly desirable to address the data traffic bottleneck in data centers [1] . An all-Si PIN photodiode offers clear advantages of IC process compatibility to significantly reduce the cost in manufacturing and packaging [2] . However, it is difficult for a traditional Si photodiode used predominantly in the visible wavelength regime to meet the requirements on both high efficiency and high speed at near-infrared wavelengths. At the wavelength of 850 nm, the intrinsic layer in an Si photodiode with a low absorption coefficient (535 cm −1 ) would need a thickness of more than 13 μm to achieve an external quantum efficiency (EQE) of more than 50% [3] . Such thickness leads to a long transit time of photogenerated carriers and limits the data rate to a maximum of 4 Gb/s. Therefore, the absorption of the intrinsic layer needs to be effectively enhanced without increasing the thickness.
Microscale and nanoscale structures with a characteristic size comparable to or smaller than the wavelength on semiconductor surfaces have been proposed to manipulate light due to distinctly different optical and thermal properties compared to flat surfaces. The abnormal radiation phenomenon of the incident electromagnetic wave, including surface plasmon polaritons [4] [5] [6] , Wood's anomaly [7] , and cavity resonance [8] [9] [10] , can be induced mainly due to multiple reflection and diffraction effects of the structures. Several types of microscale and nanoscale structures have been demonstrated in the absorption enhancement of energy conversion systems, such as solar cells [11, 12] and thermophotovoltaic devices [13] , including nanowires [10, 11, 14, 15] , nanorods [16] , nanodisks [17] , nanocones [18] , nanopyramids [19, 20] , nanoholes [21, 22] , and other grating structures [23] [24] [25] [26] . Our recent experimental studies [27, 28] showed that an array of nanoholes integrated on a 2-μm-thick Si film effectively traps light with wavelengths between 800 and 950 nm and can be used to achieve a high EQE (40-60%) in Si photodetectors while ensuring ultrafast impulse response (full-width at half-maximum) of 30 ps. High-speed Geon-Si photodiodes with photon-trapping holes have also been demonstrated with improved EQE at wavelengths between 1200 and 1800 nm [29] . Light-trapping properties of such hole arrays in Si were investigated by finitedifference time-domain method [27] and the effects of hole shape and tapering angle of funnel-shaped holes on the EQE of the photodiodes were analyzed and discussed in detail [27, 28] . However, there are still questions that need to be answered: How does the substrate influence the light-trapping properties of the holes, what fraction of light is laterally guided, and where is the guided light mostly confined?
In this work, to understand the underlying physical principle of the light-trapping effect of hole arrays integrated in the photodiodes, the rigorous coupled-wave analysis (RCWA) method, which can provide more details on light propagation and the interaction between light and materials, was employed [30] [31] [32] [33] . We apply the RCWA method to calculate the reflection and transmission efficiencies of diffraction orders in Si with hole arrays on both bulk Si and Si-on-insulator (SOI) substrates. The deflection of light with nonzero diffraction orders guides the vertical incident light in laterally propagating modes. Backreflection of buried oxide (BOX) layers on SOI substrates are calculated for the light with different orders and deflection angles. RCWA provides theoretical explanations for light trapping and absorption enhancement in hole-based Si photodiodes designed on SOI substrates. Our calculations and experimental results demonstrate that light is most effectively trapped in photodiodes integrated with funnel-shaped holes on the SOI wafers with significantly reduced reflection and transmission loss compared to photodiodes with cylindrical holes or on bulk Si substrates. Si PIN photodiodes with hole arrays in hexagonal lattice are fabricated on both bulk Si and SOI wafers. Using both theoretical and experimental approaches, we investigated the effects of hole shape, presence of substrates, hole diameter and period on light trapping, and degree of absorption enhancement in the photodiodes at the datacom wavelengths at about 850 nm. With a 2-μm-thick i-Si layer, EQE of photodiodes with integrated funnel-shaped holes are 20%-25% on the bulk Si substrate. This can be enhanced to 55% when the device is fabricated on an SOI wafer. Given that a photodiode without integrated holes on bulk Si substrates exhibits ~10% EQE, this represents more than 500% improvement over an Si PIN photodiode in the absence of photon-trapping hole structures.
Design and calculation
The photodiodes with photon-trapping holes have an NIP mesa structure as shown in Figure 1A and B. SOI wafer ( Figure 1A ) and bulk Si wafer ( Figure 1B ) are used as the substrates. A 2-μm-thick i-Si film acts as the absorption region with 0.2 μm P-doped n ++ thin layer as the top nohmic contact and 0.2 μm p ++ -Si 0.988 Ge 0.01 B 0.002 film as the bottom p-contact layer. Microscale and nanoscale holes that span the n, i, and p layers are integrated in the active region. Figure 1C shows the active region of an Si PIN photodiode (30 μm diameter) with integrated submicron holes. The thinner ring and the thicker opened ring are n-ohmic metal on n-mesa and p-ohmic metal on p-mesa, respectively. The detailed fabrication process and EQE characteristics of the photodiodes were reported in our previous studies [27, 28] . Photodiodes with hole arrays arranged in hexagonal lattice, as shown in Figure 1D , were fabricated on both bulk Si and SOI wafers with hole diameters ranging from 630 to 1300 nm and periods from 900 to 1700 nm. Holes were etched as gradual funnel shapes with tapered sidewalls (~65°). For the purpose of comparison, photodiodes with cylindrical hole arrays in hexagonal lattice with a hole diameter of 700 nm and a period of 1000 nm were also fabricated on bulk Si and SOI wafers.
Absorption in photodiodes with photon-trapping holes with different diameters and periods were calculated by applying the RCWA method. RCWA is a rigorous grating diffraction theory that is suited to study the mechanism of the diffraction of light from periodically structured surfaces. In RCWA, the devices and electromagnetic fields are represented by a sum of spatial harmonics, as Maxwell's equations are solved in Fourier space. The eigenmodes of electric and magnetic fields in the grating layer are calculated and analytically propagated. The problem is then solved by matching boundary conditions at each interface using scattering matrices. The hole-integrated i-Si layers in our photodiodes were treated as crossed gratings (or 2D gratings), which are periodic in the x and y directions with periods of p x and 3 , y x p p = respectively [34] . Figure 1E shows a schematic representation of a crossed grating with hole array in hexagonal lattice. In the attached rectangular Cartesian coordinate system, the x and y axes are parallel to periodic directions and the z axis is perpendicular to the grating plane. The device is divided into three layers along the z direction: the incident layer (I: air, z < 0), the grating layer (II: Si with hole array, 0 ≤ z ≤ h), and the substrate layer [III: Si for bulk wafer or Si on silicon oxide (SiO 2 ) film for the SOI wafer, z > h]. The incident layer and the substrate layer are homogeneous media with permittivities of ε air and ε Si , respectively. For the sake of simplicity, holes in the grating layer are considered as cylindrical in shape. The grating layer has a thickness of 2 μm, and its permittivity, ε(x, y), is a piecewise-constant function taking two values, ε Si and ε air . ε Si is taken to be a complex quantity to accommodate lossy grating,
The electric field E causes the polarization of atoms in Si to create electric dipole moments that augment the total displacement flux (D) with an electric susceptibility of χ e ,
where ε 0 is the permittivity of free space. A complex electric susceptibility leads to a complex permittivity of Si (ε Si = ε 0 + ε 0 χ e ). The imaginary part of complex permittivity (ε″) accounts for loss (light absorption) in Si due to damping of the vibrating dipole moments. The loss in Si may also be considered as an equivalent conductor loss. A conduction current density (J) will exist,
where ω is the frequency of the electric field. ωε″ can be considered as an effective conductivity that is related to Joule heating. The refractive index of the incident layer and the cylindrical holes in the grating is n air = 1, whereas the refractive index of the Si substrate and the surrounding Si layer in the grating is n Si = 3.65-004i at the wavelength of 850 nm [3] . The propagation direction of the incident plane wave is given by polar angle θ, azimuthal angle ϕ, and polarization angle ψ, as indicated in Figure 1E . The formulation of RCWA is presented in Section S1 in Supplementary Material. The calculations were carried out by Matlab programs with the algorithm based on Ref. [34] . As our photodiodes are nearly perpendicularly illuminated by a monochromatic electromagnetic plane wave, we used θ = 0°, ϕ = 0°, and ψ = 90° (TE polarization) in the calculations. In this case, the electromagnetic field vectors in all regions have only the components along the y direction for the electric fields and nonzero components along the x and z directions for the magnetic fields.
Results and discussion

Lower reflection of funnel-shaped hole array with shorter hole-hole distance
According to the grating theory, the diffraction order [m, n] of reflected waves from a vertically illuminated crossed grating is limited by the ratio between the period (p) of hole array and the wavelength (λ) of incident light [35] :
In our design, the periods of hole arrays integrated in the photodiodes are distributed in the range of λ < p ≤ 2λ
in the x direction, so only reflected waves in the 0th and ±1st orders exist. However, holes are arranged in 2D hexagonal lattice with inconsistent periods in the x and y directions ( 3 ), y x p p = so ±2nd-order diffractions should also be considered. Therefore, the total reflection (R total ) of the hole-based i-Si layer can be calculated by R total = ∑m,n η Rmn , m,n = 0, ±1, ±2.
The RCWA calculated reflection diffraction efficiencies (R N ) of the hole-based i-Si layers with different periods at orders from N = 0 to N = 3 are shown in Figure 2A for an Si substrate (assumed to have an infinite thickness for the RCWA model used). Period (p) in all the figures in this paper means the period in the x direction (p x ). R N=0 is the reflection diffraction efficiency at the 0th order ([0 0]), whereas R N=1 includes all the reflection diffraction efficiencies (η Rmn ) at the ±1st order with one of m and n equal to ±1 and the other one lower than or equal to ±1, including
and R N=3 are calculated in a similar way that has more diffraction orders. R N=0 has the highest diffraction efficiency compared to higher orders. R N=3=0 demonstrates that the highest diffraction order is limited to N = 2 (m, N = ± 2). It is shown that the reflection is higher at larger periods for the 0th-order reflected wave (R N=0 ) and relatively lower at larger periods for R N=1 and R N=2 . However, the total reflection of hole-integrated i-Si layer generally increases with the increase of period as R N=0 makes a major contribution. When the diameter of holes is constant, a smaller period means a higher fill ratio of photon-trapping holes in Si, whereas a larger period provides more area of flat Si film with higher surface reflection.
The measured reflection of photodiodes with funnelshaped holes in hexagonal lattice with different periods on bulk Si wafer are shown and compared to the RCWA calculated reflection of cylindrical hole-based i-Si layer on the bulk Si substrate in Figure 2B . The measured reflection of photodiodes are much lower than the calculated values. Funnel-shaped holes provide a gradually changing effective refractive index compared to cylindrical holes and create an effect similar to a graded refractive index antireflection coating [36] . The decrease of reflection is more significant for smaller periods (>50% reduction of the reflection when p = 1000/1200/1300 nm) as most of the top Si surface is etched into tapered sidewalls. Top views of funnel-shaped holes with a diameter of 700 nm and different periods are shown in Figure 2B (inset). The diameter of a funnel hole refers to the diameter of the cylindrical part at the bottom of the holes. The tapered sidewalls of funnel-shaped holes were formed by lateral etch using reactive ion etching, which expanded the designed hole diameter at the opening of the holes on the device surface. At higher period (p = 1700 nm), additional flat Si surface with higher reflection was retained due to the large spacing between adjacent holes.
Lower transmission due to laterally propagating waves and back-reflection
The diffraction order [m, n] of transmitted waves in the device layer of SOI (p-Si) from a vertically illuminated crossed grating is limited by
n s is the refractive index of the substrate (n s = 3.65-004i).
The highest diffraction order of transmitted waves from the hole-based i-Si layer with a period of λ < p ≤ 2λ in the x direction to the SOI device layer should be N = 7 (m, n = ± 7), and more diffraction orders should be considered in the y direction ( 3 ).
The RCWA calculated transmission diffraction efficiencies (T N ) of cylindrical hole-based i-Si layers with different periods on an Si substrate (assumed to have an infinite thickness for the RCWA model used) at diffraction orders from N = 0 to N = 5 are shown in Figure 3A . Similar to the calculation of R N , T N includes all the transmitted waves (η Tmn ) with one of m and n equal to ±N and the other one lower than or equal to ±N. Generally, T N=0 (η T00 ) has the highest transmission diffraction efficiency. However, relatively high diffraction efficiency for T N=1 can be observed especially at smaller period (p = 1000 nm). High total transmission of about 65%-70% are observed as the period varies. The absorption of the hole-based i-Si layer can be calculated by A = 1 -R total -T total for a photodiode on Si substrate. However, our photodiode structure was grown on an SOI substrate with a 0.25 μm device layer over a 3 μm BOX layer. The SiO 2 layer acting as a back-reflection layer creates multiple reflection and diffraction effects for the transmitted waves and leads to enhanced absorption and EQE performance of the photodiodes.
Although the light is perpendicularly incident to the hole-based photodiodes, the reflected and transmitted waves undergo a deflection subsequent to the diffraction in the hole array. The deflection angle (θ N ) of Nth-order transmitted wave (T N ) in the device layer of SOI can be calculated by Eq. (6) for different periods (p), and the results are shown in Table 1 . It should be noted that our photodiodes have 2D periodic holes in hexagonal lattice with inconsistent periods in the x and y directions ( 3 ), so we divide the transmission diffraction efficiency for each order, except T N=0 , into two equal parts with deflection angles calculated using p x ( 
The back-reflection ( ) N R′ of the transmitted wave (T N ) in the SOI device layer at the Si/SiO 2 interface can be calculated based on the deflection angle (θ N ) of the transmitted wave and the critical angle of total reflection (θ c = 23.79°). The formulas are shown in Section S2 in Supplementary Material. The deflection angle of the transmitted wave increases with diffraction order for a fixed period, which means that only limited orders of transmitted waves in the SOI device layer can transmit further into the SiO 2 film with a reflection of N R′ and a transmission of 1 . N R − ′ Table 1 shows that all the transmitted waves in the SOI device layer with orders N ≥ 3 will be totally reflected. Total reflection also occurs when N = 2 at a period of 1000 nm. The angle of reflection equals the angle of incidence at the SiO 2 film surface, which is the same as the deflection angle (θ N ) of the transmitted wave in the SOI device layer. Therefore, the back-reflected wave will be incident at the hole-based i-Si layer from the bottom with an angle of θ N . The deflection angle of transmitted wave depends on the period of hole array for each diffraction order.
Based on transmission diffraction efficiencies at different orders (T N ), the total back-reflection total ) (R′ by the SiO 2 film of incident light can be calculated using Eq. (7) and the results are shown in Figure 3B . The total transmission into the SOI device layer (T total ) and the SiO 2 film total t otal
at different periods are also presented. As 20%-35% of the total incident light, depending on the period of the holes, will be reflected back into the i-Si layer that has integrated holes, the total transmission into the SiO 2 film is reduced to about 35%-45% of the incident light compared to a total transmission of about 65%-70% of the incident light into the Si substrate in the absence of the SiO 2 film. It is shown that, at a smaller period (p = 1000 nm), ~50% of the transmitted wave in the SOI device layer will be reflected. This is because a smaller period leads to a higher deflection angle of the transmitted wave, which results in higher reflection at the Si/SiO 2 interface.
The analysis shows that, except for the 0th-order ([0 0]) transmitted light, all other transmitted light with higher grating orders undergo deflections with different deflection angles after the diffraction in the hole array. The deflection of incident light affects light propagation in photodiodes from two aspects. First, laterally propagating waves are generated and increase the effective optical path in the hole-based i-Si layer for enhanced absorption. Calculation suggests that, for a vertically illuminated photodiode with integrated holes of diameter/period (d/p) of 700/1000 nm, 67% of the total incident light will be transmitted into the device layer of an SOI and only 12.14% of which is the 0th-order wave that does not experience deflection. This means that 54.86% of the total incident light (81.9% of the transmitted light) deflects from incidence direction and causes laterally propagating modes. Second, the higher deflection angle of the transmitted wave results in higher back-reflection at the Si/SiO 2 interface. It can be calculated that only 18% of the transmitted light in the SOI device layer will be reflected by the SiO 2 film for photodiodes without photon-trapping holes. This can be increased to 50% due to laterally propagating waves generated by the hole array and higher-order backreflection caused by the SiO 2 film.
Absorption calculated by RCWA and measured EQE of photodiodes with integrated holes
As we have discussed previously, in our photodiodes fabricated on the SOI wafers, ~50% of the transmitted light into the SOI device layer may be reflected back by the BOX layer and interact with the i-Si layer for further absorption. However, the light reflected from the SiO 2 film will not be all absorbed by the i-Si layer as there is a transmission loss into the air-photodiode interface. Here, we also use the RCWA method to calculate the transmission diffraction efficiency ( ) N T ′ of light incident from the bottom of the i-Si layer that is integrated with holes. In this calculation, the SOI device layer is used as the incident layer (assumed to have an infinite thickness), whereas air is treated as the substrate of the hole integrated i-Si layer. The incident T R′ as shown in Figure 4A (inset), has an incident angle equal to the deflection angle (θ N ; Table 1 ) of transmitted wave (T N ) in the SOI device layer with a diffraction order of N. For the i-Si layer with an integrated hole array with a diameter of 700 nm, transmission diffraction efficiencies of incident light from the bottom with diffraction orders from N = 0 to N = 4 at different periods (p) are shown in Figure 4A (period is considered in the x direction). The analysis reveals that, for each period, there are relatively high transmission diffraction efficiencies for incident light with diffraction orders N = 0 and N = 1, whereas the transmission are very low for higher orders. In other words, the incident light with orders N ≥ 2 will be trapped in the photodiode structure. This is because the incident angle of light, which is equal to the deflection angle of transmitted light in the SOI device layer (θ N ), increases with the diffraction order (N). Higher incident angle means longer optical propagating path in the hole-based i-Si layer for absorption. It seems that the top surface of the i-Si layer and the bottom Si/SiO 2 interface form a kind of cavity, and most of the light with orders N ≥ 2 will be trapped (absorbed or reflected back and forth) in the cavity until fully absorbed. Even for light with low incident angles at diffraction orders N = 0 and N = 1, more and more light will be trapped after being reflected and diffracted several times by hole-based i-Si layer as the incident angle keeps increasing due to the deflection of diffraction light.
Taking into account the transmission into air for incident light from the bottom with diffraction orders N = 0 ( 0) N T ′ = and N = 1 ( 1), N T ′ = the total transmission loss of incident light total ( ) T ′ from the hole-based i-Si layer into air can be calculated using Eq. (8), and the results are shown in Figure 4B . The total back-reflection by the SiO 2 film total ( ) R′ and increased absorption (light trapped in the hole-based i-Si layer, total t otal R T − ′ ′ ) at different periods are also presented. It shows that only less than 5% of the total incident light will be transmitted into air after the reflection on the SiO 2 film. Most of the reflected light from the SiO 2 film will be trapped by the photodiode structure for enhanced absorption and higher EQE. The total absorption (A total ) of photodiodes on the SOI wafer can then be calculated using Eq. (9), taking into account the reflection from the top i-Si surface (R total ), transmission into the SiO 2 film total t otal ( ) ,
and transmission loss into air of the reflected light from the SiO 2 film total ( ). T ′ R total and T total (transmission into the device layer of SOI) in Eq. (9) for hole arrays on the SOI substrate are assumed to be the same for hole arrays on the bulk Si substrate as shown in Figures 2A and 3A , respectively. Figure 5A shows the RCWA calculated absorption and experimentally measured EQE of photodiodes on the SOI wafer with hole arrays in hexagonal lattice with diameters of 630 and 700 nm at different periods. The measured EQE of hole-based photodiodes fabricated on the bulk Si substrates are also presented. Generally, the experimentally measured EQE of photodiodes on an SOI wafer match well with the RCWA calculation for both diameters of 630 and 700 nm. The RCWA calculated absorption are lower Figure 1E ). The holes are arranged in hexagonal lattice with a diameter of 700 nm on an SOI substrate. than experimentally measured EQE for the reason that the reduced reflection of funnel-shaped holes is not counted compared to the cylindrical holes. The photodiodes with hole array with d/p = 630/900 nm have relatively low measured EQE compared to the calculated absorption up to ~74%. This may be caused by fabrication tolerance, reduced carrier collection efficiency caused by the narrow spacing between adjacent holes and possible presence of traps and defects in the holes that can contribute to high recombination rate. At diameters of both 630 and 700 nm, the EQE of the photodiodes on the SOI wafer are 30%-50%, whereas the photodiodes on the bulk Si substrate are only 20%-25% as the period varies.
As we have discussed before, hole arrays provide laterally propagating waves due to the deflection of light and they are trapped inside the Si layer with the help of the BOX layer of the SOI substrate due to back-reflection. In the case of bulk Si wafer, holes can generate lateral waves but as there is no back-reflection and thus high transmission to the substrate, these lateral waves are not trapped but are leaking away from the substrate. When the diameter of the holes is a constant, there is a trend that a smaller period (higher d/p) generally leads to a better EQE performance of the photodiodes. Based on our analysis, this is attributed to the more significant reduction in both reflection and transmission at a lower period, which allows more light trapped and absorbed in the i-Si layer. As higher absorption can be achieved for photodiode with hole array with higher d/p, we fabricated more photodiodes with d/p between 0.65 and 0.85, including 800/1050 nm (0.762), 1000/1300 nm (0.769), 1000/1500 nm (0.667), 1150/1500 nm (0.767), and 1300/1600 nm (0.813). The RCWA calculated absorption of hole-based i-Si layers on the SOI wafer and the measured EQE of the photodiodes fabricated on the SOI wafer and bulk Si substrate are shown in Figure 5B . Compared to hole-based photodiodes on the bulk Si substrate with EQE of only 20%-25%, the photodiodes fabricated on the SOI wafer provide high EQE of 45%-55% with d/p in this range. This agrees well with the RCWA calculation. The highest EQE of 55% is achieved by hole-based photodiode with d/p = 800/1050 nm.
RCWA in this work provides theoretical explanation for light trapping and absorption enhancement of photodiodes with integrated holes designed on SOI wafers. The theoretically calculated absorption of the hole-based i-Si layer shows a good agreement with the experimentally measured EQE of the photodiode. However, we have to point out that the absorption are approximately calculated values for photodiodes on the SOI wafer with multiple reflection and diffraction effects. For the sake of simplicity, some approximations are used in the calculations. (i) The incident layer (air) and substrate layer are assumed to have infinite thickness for the RCWA model used; (ii) although the impact of tapered sidewalls of funnel-shaped holes is considered in the analysis of reduced reflection, to avoid complexity in the calculations, holes are considered as cylindrical in shape in diffraction efficiency calculations; and (iii) the absorption in the SOI's device layer with a thickness of 0.25 μm is neglected when calculating the absorption of the reflected light from the BOX layer. Actually, the analysis of light propagation reveals that, in our photodiode with photon-trapping holes on the SOI wafers, light is effectively trapped between the top Si surface and the BOX layer of an SOI substrate. Light absorption takes place in both the p-i-n photodiode structure and the 0. layer. Unlike the photogenerated carriers in the i-Si layer, which can be quickly collected in a drift field, the minority carriers generated in the p, n and the device layer of the SOI experience a slow diffusion to the i region. This is a likely source of the residual photocurrent tail as reported in our earlier published work [27] . Further RCWA and high-speed measurements can be done in the future to identify where light is trapped in the multilayer photodiode and thus reduce the photocurrent tail. Based on the design of hole array in hexagonal lattice with d/p = 700/1000 nm, we fabricated photodiodes with different hole shapes (cylindrical and funnel) and substrates (bulk Si and SOI wafer). Flat Si PIN photodiodes with an i-layer thickness of 2 μm on both bulk Si and SOI substrates were also fabricated. The EQE of the photodiodes were measured at the wavelength of 850 nm. The calculated absorption of a flat Si PIN photodiode on the bulk Si substrate is 10%, and its EQE was measured to be 11.14%. Based on the calculated absorption and measured EQE of the flat device, Figure 6 shows the EQE enhancement of photodiodes with light-trapping holes on an SOI substrate. The calculated absorption or measured EQE is also shown for each device in the figure. It is shown that both the absorption and EQE of the photodiodes are enhanced by light-trapping hole structures on both bulk and SOI substrates. The measured EQE of the photodiode with a cylindrical hole array on the bulk Si substrate is 18.94%, which is a little higher than the calculation (14.17%). This can be attributed to the diffusion of photogenerated carriers generated in the thick Si wafer underneath the device.
The improvement of EQE on the SOI substrate can be observed for both flat devices and devices with integrated holes. By integrating the same cylindrical hole structures, EQE is enhanced by 166% on the bulk Si wafer and 300% on the SOI wafer, respectively. Hole arrays enable laterally propagating waves in photodiodes on both substrates. However, the EQE improvement is much more significant on the SOI substrate compared to the bulk Si substrate as more effective light trapping in the i-Si layer is facilitated by the presence of the BOX layer that causes backreflection. For photodiodes on an SOI substrate, an EQE improvement of ~50% can be further achieved by substituting the cylindrical holes by funnel-shaped holes that contribute to lower surface reflection and results in more than 450% enhancement in a photodiode compared to the counterpart without any light-trapping holes.
Conclusion
In this study, microscale and nanoscale light-trapping hole arrays were integrated into photodiodes with a thin absorption region to achieve high EQE while ensuring an ultrafast response. Both theoretically and experimentally, the absorption and EQE performances of hole-based photodiodes were presented with different substrates, hole shapes, and dimensions. Our experimental results showed that, at the datacom wavelength of 850 nm, photodiodes with integrated funnel-shaped holes exhibit EQE of 20%-25% on bulk Si and 45%-55% on the SOI wafers in devices with an i-Si layer thickness of 2 μm. The highest EQE represents more than 500% improvement compared to similar Si photodiodes without any photon-trapping holes. The RCWA method was applied to calculate the reflection and transmission efficiencies in Si with hole arrays on both bulk and SOI substrates. The analysis showed that laterally propagating waves are generated due to the deflection of light subsequent to the diffraction in the hole array. This increases the optical propagating path in the i-Si layer enabling enhanced absorption. In contrast, the deflected light on the SOI substrate undergoes additional back-reflection at the Si/SiO 2 interface contributing to lower transmission loss. Funnel-shaped holes with tapered sidewalls also significantly reduce the reflection from the top surface of the photodiodes. Light is observed to remain more effectively confined in the thin Si layer on the SOI substrates rather than on the bulk Si substrates, which agrees well with our experimental results. Our all-Si photodiode, fabricated using CMOS-compatible processes, offers great potential to reduce the cost of short-reach (<300 m) communication links in data centers. The calculated absorption or measured EQE is also shown for each device. Holes are arranged in hexagonal lattice with a d/p of d/p = 700/1000 nm. The calculation was done for cylindrical holes only.
